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Experiments and numerical simulations of the wake field behind a horizontal-axis wind turbine are carried out to investigate the
interaction between the atmospheric boundary layer and a stand-alone wind turbine. The tested wind turbine (33 kW) has a rotor
diameter of 14.8 m and hub height of 15.4 m. An anti-icing digital Sonic wind meter, an atmospheric pressure sensor, and a
temperature and humidity sensor are installed in the upstream wind measurement mast. Wake velocity is measured by three US
CSAT3 ultrasonic anemometers. To reflect the characteristics of the whole flow field, numerical simulations are performed
through large eddy simulation (LES) and with the actuator line model. The experimental results show that the axial velocity
deficit rate ranges from 32.18% to 63.22% at the three measuring points. Meanwhile, the time-frequency characteristics of the
axial velocities at the left and right measuring points are different. Moreover, the average axial and lateral velocity deficit of the
right measuring point is greater than that of the left measuring point. The turbulent kinetic energy (TKE) at the middle and right
measuring points exhibit a periodic variation, and the vortex sheet-pass frequency is mostly similar to the rotational frequency of
the rotor. However, this feature is not obvious for the left measuring point. Meanwhile, the power spectra of the vertical velocity
fluctuation show the slope of −1, and those of lateral and axial velocity fluctuations show slopes of −1 and −5/3, respectively.
However, the inertial subranges of axial velocity fluctuation at the left, middle, and right measuring points occur at 4, 7, and
7 Hz, respectively. The above conclusion fully illustrates the asymmetry of the left and right measuring points. The experimental
data and numerical simulation results collectively indicate that the wake is deflected to the right under the influence of lateral
force. Therefore, wake asymmetry can be mainly attributed to the lateral force exerted by the wind turbine on the fluid.
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1 Introduction
Wind turbines work in the complex atmospheric boundary
layer where the variation in wind speed and direction can
affect the characteristics of inflow turbulence. At the same
time, wind-turbine blades are under a strong transient and
alternating aerodynamic load exerted by vortex shedding.
The wake characteristics of wind turbines must be studied to
obtain the theoretical basis for the design of wind turbines
with aerodynamic shapes, the calculation of wind-turbine
performance, and the establishment of an accurate wake
model.
Numerous studies on wind-turbine wake have been con-
ducted within the past 20 years. The numerical study of the
wind-turbine wake is mainly based on blade element mo-
mentum (BEM) theory and computational fluid dynamics
(CFD) theory. For example, Vermeer et al. [1] studied the
aerodynamics of horizontal axis wind-turbine wakes. They
focused on the physics of power extraction by wind turbines
and investigated near- and far-wake regions. Crespo et al. [2]
provided an overview and analysis of different wake-mod-
eling methods that may be used as prediction and design
tools for wind turbines and wind farms. Snel [3] described
and reviewed the engineering and scientific methods that are
based on aeroelastic computer programs and fundamental
Euler and Navier-Stokes (NS) equations. Zhao et al. [4] used
the robust CLORNS code to predict the complex unsteady
aerodynamic characteristics of a rotor flow field. Hansen et
al. [5] reviewed the simple aerodynamic BEM and previous
works that applied CFD to investigate the aerodynamics of
wind-turbine rotors. Okulov et al. [6] focused on the so-
called blade element theory and the Kutta-Joukowsky theo-
rem, as well as on the development of Joukowsky’s rotor
vortex theory. Sanderse et al. [7] provided an overview of
related research and summarized the CFD method from the
aspects of governing equations, rotor modeling, boundary
conditions, and wake modeling. Mo et al. [8,9] conducted
large eddy simulation (LES) to study the effect of wind speed
variation on the wake instability of the National Renewable
Energy Laboratory (NREL) phase VI wind turbine. Ashton
et al. [10] numerically studied the stability of the wind-tur-
bine hub vortex. Several measurement techniques, such as
hot-wire anemometry and particle image velocimetry (PIV),
are widely used to measure the wake characteristics of wind
turbines. Vermeer [11] used hot-wire anemometry to mea-
sure the near-wake of a model wind turbine and capture the
trajectory of the tip vortex. Grant et al. [12-14] conducted a
wind tunnel test to study the shape and velocity distribution
of the tip vortex of a wind turbine with yaw. Haans et al. [15-
18] investigated the tip vortex trajectory and wake of wind
turbines. Medici et al. [19,20] measured the shedding and
movement of wake vortices to validate the BEM theory. To
improve the BEM theory, Clausen et al. [21] used mean flow
results to investigate the velocity of wind-turbine wake. They
used a conventional three-hole yawmeter and an X-probe
hot-wire anemometer to measure velocity. They then com-
pared the experimental results from two different measuring
techniques to analyze the BEM theory’s ability to predict the
performance of wind turbines. Ebert et al. [22-24] conducted
numerous experimental studies on wind turbines by em-
ploying hot-wire anemometry and concluded a series on the
formation and development of a model for the near-wake in
horizontal-axis wind. Parkin et al. [25] used PIV to study the
mean velocity distribution of the near-wake region and im-
prove the accuracy of the prediction model. Their experi-
mental results showed that a wake vortex with a high tip
speed ratio expands and contracts. They then used test data
obtained through PIV to calculate the geometry of wind-
turbine wake at a tip Reynolds number of 2600 to 16000.
Whale [26] studied wake features in detail by comparing the
results obtained by a sophisticated free-wake numerical code
with wake measurements obtained through PIV. The wake
trajectory inferred from PIV measurements was in good
agreement with the theoretical results of the free-wake
model. Hu et al. [27] conducted a wind tunnel test to study
the dynamic wind load and wake characteristics of a wind
turbine in the atmospheric boundary layer. The wake char-
acteristics of an actuator disc and a model wind turbine were
compared and analyzed by Aubrun et al. [28] and Lignarolo
et al. [29] through wind tunnel experiments. Muller et al. [30]
used hot-wire anemometry to measure the wake velocity of a
wind turbine and applied spectral analysis to study the
wake’s nonstationarity. Zhang et al. [31] applied PIV to
measure the near-wake and applied spectral analysis to study
the energy distribution and turbulence characteristics of a
wind turbine in an atmospheric boundary layer (ABL) wind
tunnel.
National Renewable Energy Laboratory, Energy Research
Centre of the Netherlands, Delft University of Technology,
Imperial College, Rutherford Appleton Laboratory, and Risø
National Laboratory have collaborated to conduct field ex-
periments on wind turbines and to create a database [32,33].
Barthelmie et al. [34] used sonic detection and ranging
(SODAR) to measure the velocity distribution of the wind-
turbine wake and compared their measurements with the
results of a relative numerical simulation. DAN-AERO MW
experiments [35] were performed over the period of 2007 to
2009. Systematic field tests have been conducted on mega-
watt wind turbines. In these experiments, blade surface
pressure, inflow, wake, and aero-acoustic parameters were
recorded to investigate three-dimensional effects, dynamic
stall characteristics, blade surface-boundary layer transition,
wake characteristics, and aero-acoustics. However, the de-
tailed experimental data remain undisclosed. The Los Ala-
mos National Laboratory in the United States conducted
field experiments on a wind turbine with a diameter of 4.5 m.
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The wind turbine was installed with eight CSAT3 anem-
ometers combined with two three-dimensional LF-PIV sys-
tems to enable the measurement of inflow and wake velocity.
Li et al. [36] performed a field experiment on a vertical-axis
tidal power system and found that flow turbulence char-
acteristics exert a resonance effect on the impeller system. Li
et al. [37] performed field experiments to investigate the
effects of turbulence intensity and wind shear on the wake
characteristics of wind turbines.
The majority of related studies have mainly performed
wind tunnel tests and numerical simulations, whereas few
have conducted field experiments. Given the complexity and
instability of the atmospheric boundary layer flow and the
influence of the scale effect, wind tunnel tests cannot reflect
the real working conditions of wind turbines. Therefore, the
flow characteristics of the actual wind field must be in-
vestigated through field experiments.
A field experimental platform was established by Lanzhou
University of Technology, Lanzhou, China, to investigate
wind-turbine aerodynamics. Experimental studies on blade
surface pressure and wake velocity have been conducted on
the platform [38-40]. In this study, we performed field
measurements to analyze the time series, deficit rate, and
turbulence characteristics of the wake velocity of wind tur-
bines.
2 Experimental equipment
Figure 1 shows the field experimental system, which com-
prises a 33 kW wind turbine, a 30 m high anemometer tower,
a wake-velocity measurement platform, and a controlling
device.
2.1 Experimental wind turbine
The 33 kW wind turbine is a horizontal-axis two-bladed
upwind-type turbine. It has variable pitch angles, a diameter
of 14.8 m, and National Advisory Committee for Aero-
nautics (NACA) series blades. It is located in Jing-tai
County, Gansu Province, China. In this region, the annual
average wind velocity reaches 5.4 and 7 m/s at the heights of
10 and 40 m, respectively. Additionally, the effective wind
velocity (4-25 m/s) lasts for 7160 h annually. The average
win energy density is 354 W/m2, which meets the require-
ments for field tests.
2.2 Measurement of wake velocity
The wake-velocity measurement platform comprises an
18 m high hydraulic lift, the anemometer installation plat-
form, and three sets of the US CSAT3 three-dimensional
ultrasonic wind velocity instrument. The height of the hy-
draulic lifting platform can be adjusted remotely, and hor-
izontal movement is realized by wheels installed under the
base ground. Three CSAT3 anemometers are located in the
vertical (x-z) plane (parallel to the rotor-swept plane) one
rotor diameter downstream. The #1 (left) anemometer is also
located in the vertical (x-y) plane (the axial plane of the rotor,
z=0). The #2 (middle) and #3 (right) anemometers are in the
same horizontal line as the #1 anemometer. The #1, #2, and
#3 anemometers are separated by a distance of 2.5 m, and the
vertical position of the anemometers is 2 m lower than that of
the center of the rotor. Figure 2 shows the locations of the
three measuring points. Three-dimensional ultrasonic an-
emometers are used to measure velocity components in three
directions at a point in the flow field, and the digital signal is
output through the RS-232 interface. In this study,W, U, and
V designate the vertical, rotor axis, and lateral directions,
respectively. The measurement range for all the three velo-
city components is ±65.535 m/s with the resolution of
1 mm/s in the W and V directions and 0.5 mm/s in the U
direction. The measurement error is less than 4 cm/s in theW
and V directions and 2 cm/s in the U direction.
To ensure the accurate positions of the measuring points,
the wake survey site is hardened with concrete. By taking the
projection of the wind-turbine rotor centered on the ground
as the origin and the north direction as the baseline, we de-
fined the sector ranging from 35° eastward to 20° westward
as the wake measurement region. Lines are drawn every 5°.
Figure 1 (Color online) Field experiment system, wake-velocity measurement platform, wind turbine, and anemometer tower.
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Meanwhile, the distances of 0.6D, 1D, 1.5D, and 2D, where
D refers to wind-turbine diameter, are marked on each angle
line to determine the position of the lifting platform. Finally,
we can determine the spatial location of the anemometers by
combining the horizontal position and the lifting height of
the lifting platform. The location of the anemometers are
shown in Figure 2.
When performing wake measurements, we first move the
lifting platform to a calibrated section normal to the wind
direction. After the platform is adjusted to a horizontal po-
sition, it is raised to the measuring height (13.4 m) where the
test is conducted.
2.3 Measurement of inflow parameters
On the 30 m anemometer tower, an anti-icing digital Sonic
wind meter is installed at the height of the rotor center to
measure wind velocity and direction. An atmospheric pres-
sure sensor and a temperature and humidity sensor are also
installed on the anemometer tower to measure local atmo-
spheric pressure, air temperature, and humidity.
2.4 Measurement of other wind-turbine parameters
The active yaw system is based on the worm gear mechan-
ism, which is driven by a direct current motor. Taking ac-
count of the transmission ratio, the yaw angle is measured by
counting the number of turns of the motor shaft. The blade
setting angle is controlled by the electrohydraulic switching
valve and is measured by a displacement sensor. Rotor ve-
locity is measured by an electrooptical sensor stuck onto the
hub. Blade surface pressure is measured by a pressure sensor.
3 Wake propagation
3.1 Experimental conditions
Field experiments on wake velocity behind the wind turbine
are carried out. The sampling time for inflow parameters, the
operating condition parameters of the wind turbine, and
wake velocity is 6 s. The sampling frequency of inflow
parameters and operating condition parameters of the wind
turbine is 5/3 Hz, and the sampling frequency of the wake
velocity is 20 Hz. The following is the analysis of a set of
experimental results.
Table 1 shows the conditions of an experiment. In this
table, VIN is inflow velocity, Ψ is the angle between inflow
and the north direction, P0 is atmospheric pressure, T0 is
atmospheric temperature, φ is atmospheric humidity, n is the
rotor rotational velocity, γ is the angle between the wind-
turbine axis and the south direction, and β is the adjustment
value of the pitch angle. The time series of the inflow ve-
locity VIN and the wake-velocity components (W for vertical
direction, U for rotor axis direction, and V for lateral direc-
tion) are shown in Figure 3.
Table 1 shows that the inflow parameters and the operating
Figure 2 Schematic of measurement locations (a), top view of measurement locations (b).
Table 1 Experimental conditions
Test condition
Test value
AVG
1 2 3 4 5 6 7 8 9 10
Inflow
VIN (m/s) 4 4 4 4 3.9 4 4 4.1 4.1 4.1 4.02
Ψ (°) 351 351 351 348 348 351 351 351 351 351 350.4
P0 (Pa) 82820 82820 82820 82820 82820 82820 82820 82820 82820 82820 82820
T0 (℃) 23.1 23.1 23.1 23.1 23.1 23.1 23.1 23.1 23.1 23.1 23.1
φ (%) 52.6 52.5 52.5 52.5 52.5 52.5 52.5 52.4 52.4 52.4 52.48
Turbine
n (r/min) 54.5 54.5 54.45 54.45 54.45 54.45 54.45 54.45 54.45 54.5 54.47
Γ (°) 181 181 181 181 181 181 181 181 181 181 181
Β (°) 48 48 48 48 48 48 48 48 48 48 48
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parameters of the wind turbine are stable under the experi-
mental conditions. Specifically, the mean wind velocity is
4.02 m/s with the upper deviation of 0.08 m/s (+1.99%) and
the lower deviation of 0.12 m/s (−2.99%). Furthermore, the
average wind direction is 350.4° with the upper deviation of
0.6° (+0.17%) and the lower deviation of 2.4° (−0.68%).
Other inflow parameters are almost constant within the
sampling time. Given the angle γ=181°, we conclude that the
yaw angle is 10.6°. Considering the positional arrangement
of the three anemometers under this operating condition,
anemometer #2 is located roughly at the intersection of the
vertical plane of inflow through hub center and the vertical
plane (parallel to the rotor-swept plane) one rotor diameter
downstream, as shown in Figure 2(b).
3.2 Axial velocity deficit rate in the wake
To analyze the variation in wake velocity, the axial velocity
deficit rate Dy is defined as:
( )
D
V U
V= , (1)y
y
y
IN
IN
where V yIN represents the axial velocity of the inflow and U
represents the axial velocity of the wake.
The measurement results show that the average axial wake
velocity U is 2.18 m/s with a deficit of 44.81%. The average
lateral wake velocity V at the middle measuring point is
−1.14, which shows an increase of 60.13%. The average
vertical wake velocity W is 0.13 m/s. Compared with the
lateral inflow velocity, the lateral wake velocity has in-
creased. This behavior reflects the wake’s expansion char-
acteristics. The deficit rate of axial velocity deficit at the left,
middle, and right points fluctuates in the range of 32.18%-
55.79%, 39.97%-53.37%, and 34.99%-63.22%, respectively.
3.3 Characteristics of turbulent flow in the wake
The variation in turbulent velocity in the wake will affect the
load of wind-turbine blades. In particular, the shedding-
trailing vortex will exert alternating load on the blade. Al-
ternating load, in turn, will shorten fatigue life.
Here, we analyze the characteristics of the turbulent flow
in the wake from the point of turbulent kinetic energy (TKE)
[36], which is given as:
t u t v t w tTKE( ) = 12[ ( ) + ( ) + ( ) ], (2)
2 2 2
where u′(t), v′(t), and w′(t) are the fluctuation values of axial
velocity, lateral velocity, and vertical velocity, respectively.
Coherent turbulence kinetic energy (CTKE) is obtained
with eq. (3), which reflects the cross-axis properties that
enable the investigation of the temporally and spatially co-
herent turbulence structure:
t u t v t
u t w t v t w t
CTKE( ) = 12[( ( ) ( ))
+( ( ) ( )) + ( ( ) ( )) ] . (3)
2
2 2 1/2
The horizontal flow angle ψ′(t) and the vertical flow angle
α′(t) of the wake-velocity fluctuation can be calculated with
eqs. (4) and (5). Thus, the direction-variant characteristics of
turbulence fluctuation at a specific point in the wake can be
obtained:
t v t u t( ) = tan ( ( ) / ( )), (4)1
t w t u t( ) = tan ( ( ) / ( )). (5)1
Figure 4 shows the time-domain characteristics of turbu-
lence velocity fluctuation and the u′, v′, w′, TKE, CTKE,
ψ′(t), and α′(t) of wake-velocity fluctuation as measured by
the middle anemometer. TKE presents a certain periodic
regularity. Six peaks appeared within the sampling time of
6 s, as shown in the TKE and CTKE curves. This result
Figure 3 (Color online) Inflow velocity and its lateral and axial (rotor axis) components (a). Axial, lateral, and vertical velocity components at the middle
anemometer and their average value (b).
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illustrates that the passage frequency of the trailing vortex is
close to the rotational frequency of the rotor. The waveform
of the TKE curve is similar to that of the CTKE curve.
Moreover, the ψ′(t) and α′(t) of the wake-velocity fluctuation
change in the range of −90° to 90°.
Figure 5 shows the results of fast Fourier transform of
wake-velocity fluctuation (u′, v′ and w′) at the middle mea-
suring point. The characteristics of the turbulence power
spectra at the measuring point are described in this figure.
The power spectra of velocity fluctuation in the V- and U-
directions present slopes of −1 and −5/3, respectively. The
power spectra of velocity fluctuation in theW-direction has a
slope of −1. The results show that the classical production
and inertial subranges for turbulence are regions that follow
power-law scaling with slopes of −1 and −5/3, respectively.
The results reveal that, in the wake, the characteristics of the
production and inertial subranges will be reflected by the
turbulence components in the lateral and axial directions.
The figure indicates that the inertial subrange moves back-
ward and does not appear in the vertical direction. This be-
havior shows that the energy transfer and dissipation of
turbulence in the vertical direction occur at high frequencies.
In other words, in the region of the wake within one di-
mension, turbulent flow mainly relies on large-scale vortex
movement. TKE transports energy through inertia, and its
dissipation is negligible.
Figure 6 shows the autocorrelation curves of the ψ′(t) and
α′(t) of the wake-velocity fluctuation at the middle measur-
ing point. Their autocorrelation is poor. The poor auto-
correlation of the two parameters indicate that velocity
fluctuation has a random direction. Nevertheless, it is con-
sistent with the rule of flow-angle autocorrelation under
natural wind conditions.
Figure 7 shows the probability distributions of ψ′(t) and
α′(t) for the middle measuring point. The red line represents
Gaussian distribution. The probability density distribution in
Figure 4 (Color online) Full records of the observed time series of u′, v′, w′, TKE, CTKE, ψ′, and α′ for the middle measuring point.
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Figure 7(a) is unimodal and is in accordance with Gaussian
distribution. Furthermore, the maximum probability dis-
tribution mainly lies in the range of 0° to 20°. By contrast, the
probability distribution in the right figure is bimodal, and the
maximum probability distribution mainly lies in the range of
20° to 60°.
3.4 Analysis of wake asymmetry
To analyze wake asymmetry, the relative value R of left
measuring point and right measuring point are respectively
defined as:
R X XX= , (6)Xleft,
left middle
middle
R
X X
X= , (7)Xright,
right middle
middle
where X is given by the deficit rates of axial velocity and
lateral velocity; the values of TKE, CTKE; and the prob-
ability distributions of ψ′(t) and α′(t).
Figure 8 shows the time-domain and frequency domain
features of the relative axial velocity of the right and left
measuring points in each rotational period over five con-
tinuous rotational periods. The relative axial velocity of the
Figure 5 (Color online) Power spectrum of velocity fluctuations v′ (a), u′ (b), and w′ (c) for the middle measuring point.
Figure 6 Autocorrelation curves of ψ′ (a) and α′ (b) for the middle measuring point.
Figure 7 (Color online) Probability distributions of ψ′ (a) and α′ (b) for the middle measuring point.
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left and right measuring points exhibit the same trend in the
time-domain graph. However, the fluctuation of the right
point is more intense than that of the left. Meanwhile, the
relative axial velocity of the right measuring point is larger
than that of the left measuring point during the first two
rotational periods but exhibit opposite results during the
fourth and fifth rotational periods. At the same time, the
overall velocity fluctuation of the right measuring point is
larger than that of the left measuring point. The frequency
domain graph shows that the difference between the left and
right measuring points mainly appears in the low-frequency
band. Moreover, the first, second, and fourth circles in
Figure 8(b) indicate that the amplitude of the right measuring
point exceeds 1.8 Hz. The peak of the third and fifth circles
occur at 0.9 Hz, whereas that of the left measuring point is
absent.
4 Numerical simulation
The flow field cannot be completely described by limited
numbers of experimental points. To reflect the characteristics
of the whole flow field and to supplement our experimental
results, we performed numerical simulations. In this re-
search, we use the LES method and actuator line model to
simulate the experimental unit. The calculation process is
divided into two parts. First, the neutral atmosphere bound-
ary layer is generated on the basis of the LES. Then, the
rotor, which is replaced with the actuator line model, is
placed in the atmospheric boundary layer to simulate inter-
action between the atmospheric boundary layer and a stand-
along wind turbine. The detailed calculation results and
analysis have been presented in another article [41].
Turbulence is divided into large-scale and small-scale
vortices through filtering. Large-scale vortices are directly
solved by N-S equations. Small-scale vortices are modeled
by the subgrid scale (SGS) model. To simulate the neutral
atmosphere boundary layer, we need to consider the effects
of the buoyancy effect, Coriolis force effect, and surface heat
flux. Therefore, the filtered continuity equation is
u
x = 0. (8)
i
j
The filtered momentum transport equation is
( )ut x u u u
p
x
x p x y x
g f
+ = 2
1 ( , )
+ , (9)
i
j
j i ijk j k
i
i
ij
j
ij
0
0
0
0 0
where Ωj is the rotation rate vector, which is defined as Ω=
ω[0, cos(φ),sin(φ)], and ω is the planetary rotation rate. ϕ is
the latitude. The gravitational constant g is 9.81 m/s2. is the
resolved potential temperature, and θ0=300 K is the reference
temperature. fε is the body force field exerted by the actuator
line turbine model. The Smagorinsky model is used to close
SGS stress. The model is
c s s v s= 2( ) (2 ) = 2 , (10)ij ij ij ijs
2 1
2
SGS
where SGS viscosity, vSGS, is obtained in standard Smagor-
insky [42] mode. Cs is the Smagorinsky constant. Δ re-
presents filter scales.
S ux
u
x=
1
2 + . (11)ij
i
j
j
i
The filtered potential temperature transport equation is
( )t x u
q
x+ = , (12)j j
j
j
where qj represents the temperature transport by molecular
Figure 8 (Color online) Time domain (a) and frequency domain (b) of relative axial velocity.
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and SGS turbulence effects.
q k x= , (13)j j
SGS
k vPr= , (14)
SGS
SGS
t
where the turbulent Prandtl number Prt is 1/3.
The length, width, and height of the calculation field are 3,
3, and 1 km, respectively. The wind turbine is located in the
center of the computational domain (x=1500, y=1500, z=0).
The mesh is locally encrypted near the wind turbine. The
inflow velocity and yaw angle are 4.02 m/s and 10.6°, re-
spectively, and are the same as those used for the experi-
mental setups. The dark area in Figure 9 is the mesh
encryption area. In this article, the mesh near the wind tur-
bine is encrypted six times with the minimum mesh size of
0.52 m.
Table 2 shows the comparison of time-average axial wind
velocity at the left, middle, and right measuring points be-
hind the rotor at 700 s of the simulation and at 6 s of the
experiment. This table shows that the error of inflow velocity
between the experiment and CFD method is 4.71%. The
errors of the left, middle, and right measuring points are
1.239%, 29.180%, and 31.846%, respectively, and are
mainly caused by ignoring the hub effect in the numerical
simulation. Ignoring the hub effect decreases the wake-ve-
locity deficit, especially for the middle and right measuring
points. As shown in Figure 10, the right measuring point is
close to the central vortex, and the left measuring point is
distant from the central vortex. The right measuring point is
more easily affected by the center of the vortex than the left
measuring point. Therefore, the error of the right measuring
point is higher than that of the left measuring point.
Figure 10 shows the distribution of instantaneous hor-
izontal velocity at the height of the central rotor. When the
wind flows through the rotor, the wind turbine absorbs some
of the inflow energy. As a result, the inflow energy becomes
deficient and velocity decreases. Wake deflection occurs
because of wind-turbine yaw. In addition, the left and right
velocity distribution of the centerline at the wake is asym-
metric. The deficit of the right-side wake is higher than that
of the left-side wake, and the right-side wake expands more
than the left-side wake.
Figure 9 Computing mesh (a) and mesh horizontal section (b).
Table 2 Comparison between numerical results and experimental data
Index u of inflow velocity u of left measuring point u of middle measuring point u of right measuring point
Experiment (m/s) 3.950 2.180 2.183 2.151
Numerical result (m/s) 4.136 2.207 2.820 2.836
Error (%) 4.709 1.239 29.180 31.846
Figure 10 Velocity nephogram of horizontal section.
9. . . . . . . . . . . . . . . . . . . .D. S. Li, et al. Sci. China-Phys. Mech. Astron. September (2018) Vol. 61 No. 9 . . . . . . . . . . . . . . . . . . . . . . . . . . 094711-9
To further analyze asymmetry in the structure of the wind-
turbine wake, the time-averaged axial velocity horizontal
profile at each measuring-point height is extracted at multi-
ple locations upstream and downstream of the rotor (−1≤
L/D≤5). In Figure 11, D is the diameter of the rotor, and the
ordinate L/D represents the relative distance from the center
of the rotor. The abscissa U/U0 represents the dimensionless
axial velocity, and U0 is the average axial velocity of the
inflow (U0=4.136 m/s). The figure shows that the wake
center is consistently skewed to the right as distance in-
creases. At the distances of 1D, 2D, and 3D to the rotor
plane, the wake velocity is asymmetric along the wake
center, and the right deficit is greater than the left deficit.
This difference is caused by the lateral force exerted after the
wind-turbine yaw. The effect of velocities gradually weakens
with increasing rotor plane distance. The velocity deficit on
the center line of the wake is small, and the wake-velocity
curve of the wind turbine shows an M-shaped distribution
when hub impact is ignored. When the distance from the
rotor plan increases, the M-shaped distribution gradually
turns into a unimodal distribution. The three measuring
points are marked at 1D distances, and the dashed line at
each point represents the fluctuation range of the axial ve-
locity U/U0. The fluctuation range is approximately 0.299-
0.615, 0.426-0.877, and 0.492-0.790.
The small deficit of the middle measuring point is mainly
attributed to the ignorance of the hub effect, and that of the
right measuring point is mainly attributed to the influence of
lateral force. The right measuring point is closer to the
central vortex than the left point. This position indicates that
the right point is more sensitive to the central vortex and
reveals the reasons for the higher velocity deficit of the right
measuring point than that of the left measuring point.
5 Discussion
This article investigates wind-turbine wake by analyzing the
velocity deficits and turbulence characteristics of experi-
mental measuring points. Moreover, the experimental results
for the wake-velocity field are supplemented by numerical
simulation results. Geometrically, the middle measuring
point of the wakes should be approximately located at the
central location of the three measuring points. Thus, the
wake features of the right and left measuring points should
be similar. However, the axial velocities at the left and right
measuring points exhibit different time-frequency char-
acteristics and obvious asymmetry. The asymmetry of the
wake is discussed on the basis of the experimentally obtained
velocity and turbulence characteristics of the left and right
measuring points.
To reflect wake asymmetry, Figure 12 shows the relative
value of the axial velocity deficit rate and lateral velocity
deficit rate. Figure 12(a) shows that the relative value con-
siderably differs within 0-2.5 and 5-5.7 s. However, the re-
lative values of the deficit rate from 2.5 to 5 s are negligibly
different. The experimental results show that the average
deficit rate of relative axial velocity at the right measuring
point (0.03) is higher than that at the left measuring point
(0.01). This difference is attributed to the asymmetry be-
tween the left and right measuring points.
Figure 11 Spanwise distribution of time-averaged axial velocity.
Figure 12 (Color online) Relative values of axial velocity deficit rate (a) and lateral velocity deficit rate (b).
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Figure 12(b) shows the comparisons of lateral velocity
deficit rate between the left and right measuring points. In
this figure, the red line is consistently higher than the black
line except at the point indicated by a box. This pattern in-
dicates that the lateral deficit rate of the right measuring
point is significantly higher than that of the left measuring
point and further reflects the significant asymmetry of the
wake in the lateral direction. The effect of vertical shear on
wake asymmetry is negligible given the small rotor size of
the wind turbine. Wake asymmetry is mainly caused by a
lateral component that stems from the thrust that the rotor
exerts on the fluid after wind-turbine yaw [43]. The lateral
force causes the central vortex to deflect to the right and to
then affect the right measuring point, thus resulting in the
greater lateral velocity deficit of the right measuring point
than that of the left. The sudden drop indicated by the box
may be caused by strong turbulence at the right measuring
point at that moment.
The comparisons between the relative CTKE (a) and TKE
(b) values of the left and right measuring points are shown in
Figure 13. This figure clearly reflects the differences be-
tween the left and right measuring points. These differences
reflect the asymmetry of the wake. By comparing the two
figures shown in Figure 13, we find that the peaks appear at
the same moment and at the same measuring point. On the
whole, we can see that the red line is higher than the black
line except at individual moments, indicating that the TKE of
the right measuring point is higher than that of the left
measuring point. From a partial perspective, however, the
relative value exhibits a drastic fluctuation during the periods
of 0.5-2.5 and 5-5.7 s. Combining the figure with
Figure 12(a) reveals that the regions with drastic fluctuations
coincide with the regions where TKE drastically fluctuates.
Thus, the sharp change in TKE influences the sharp change
in axial velocity deficit rate and causes wake asymmetry.
The boxed region in Figure 13 shows that the TKE value of
the right measuring point at the corresponding time is higher
than that of the left measuring point. Moreover, it is main-
tained for a longer duration, indicating that large-scale tur-
bulence exists at the right measuring point exists at the
moment. The large-scale turbulence may cause a sudden
drop in the lateral velocity deficit at the right measuring point
in Figure 12.
Figure 14 shows the power spectra of the velocity fluc-
tuation in the axial, lateral, and vertical directions of the left
and right measuring points. Compared with that in the power
spectrum of u′ at the middle measuring point, the −5/3 region
of the left measuring point is larger, indicating that the in-
ertial subrange has moved forward. However, the inertial
subrange of the right measuring point occurs almost at the
same position as that of the middle measuring point, speci-
fically, at 7 Hz. The production subrange of turbulence at the
right measuring point in the axial direction is larger than that
of the left measuring point. Compared with the power
spectrum of v′ at the middle measuring point, the position of
the inertial subrange of the three measuring points almost all
occur at 4 Hz. Furthermore, all of w′ at the three measuring
points have a slope of −1, and the inertial subrange is absent.
This result suggests that energy transfer and turbulence
dissipation in the vertical direction occur at high frequencies.
The inertial subrange of the vertical velocity spectrum of the
atmospheric surface layer is mainly concentrated in the high-
frequency region. Moreover, its shape remains basically
unchanged, and its inertial subrange approximately appears
at the position of 0.5 Hz [44]. In this research, the inertial
subrange of the vertical velocity spectrum significantly
moves backward after 10 Hz. The backward movement of
the subrange may be attributed to strengthened turbulence in
the vertical direction after rotor rotation. In conclusion, the
above analysis reflects the asymmetry of turbulence char-
acteristics in the wake.
Figure 15 shows the relative value of the probability dis-
tributions of ψ′ and α′. The probability distribution of the
flow angle of the left measuring point is steadier than that at
the right. The probability distribution of the flow angle of the
right measuring point is high between −90° and −50°,
Figure 13 (Color online) Relative values of CTKE (a) and TKE (b).
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showing that flow at the right measuring point is more tur-
bulent than that at the left. Therefore, the flow characteristics
of the left and right points are asymmetrical.
Figure 16 shows the cross-correlation curves of u′ and ψ′
between the left and middle measuring points and between
the right and middle measuring points. The figure shows that
the cross-correlation coefficients of u′ between the left and
middle measuring points are high at τ=−4.2, −1.2, 1.2, and
4.2 s and show two sinusoidal periods. However, the cross-
correlation coefficients between the middle and right points
are high at τ=−4.8, −2.8, −3.4, −0.4, 1.2, 3.6, and 5.2 s and
show three peaks and four troughs. The cross-correlation
coefficients between the left and the middle of ψ′ show four
peaks. However, the cross-correlation coefficients between
the middle and right measuring points show eight peaks. The
analysis shows that the cross-correlation coefficient between
the right and middle measuring points presents increased
periodicity, and the cross-correlation coefficients of the two
figures are similar. Considering that the right and middle
measuring points may be in the same vortex system, then the
right measuring point is closer to the center of the vortex than
the left measuring points, as verified by numerical analysis.
The results fully reflect the asymmetry of the velocity fluc-
tuation and horizontal flow angle in the wake.
Figure 17 shows the cross-correlation curves of TKE be-
tween the left and middle measuring points and between the
right and middle measuring points. In Figure 17(a), the
correlation is weak and irregular, whereas the correlation
shown in Figure 17(b) is strong with the periodicity of ap-
proximately 1.1 s. This period corresponds with the rota-
Figure 14 (Color online) Power spectrum of the velocity fluctuations (v′ (a), u′ (b), w′ (c)) for left measuring point (up) and the right measuring point
(down).
Figure 15 (Color online) Relative value of the probability distributions of ψ′ (a) and α′ (b).
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tional period of the rotor. The results of numerical simulation
shown in Figure 10 collectively illustrate that the wake is
deflected to the right under the action of lateral force.
6 Conclusions
This article conducts a new experiment and numerical si-
mulation to further understand the asymmetric wake char-
acteristics of a horizontal-axis wind turbine. Several
conclusions can be drawn from the experimental data and
numerical results.
(1) The axial velocity deficit rate is between 32.18% and
63.22% for the three measuring points. The average relative
axial and lateral velocity deficit rates of the right measuring
point are higher than those of the left measuring point. This
result is verified by numerical simulations, which show that
the velocity deficit and expansion of the right-side wake are
Figure 16 (Color online) Cross-correlation curves of u′ and ψ′ between the left and middle measuring points (a), (b) and between the right and middle
measuring points (c), (d).
Figure 17 (Color online) Cross-correlation curve of TKE between the left and middle measuring points (a) and between the right and middle measuring
points (b).
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larger than those of the left-side wake. Meanwhile, the right
and middle measuring points are closer to the central vortex
than the left measuring point. This result indicates that wake
asymmetry is mainly caused by the lateral component, which
stems from the thrust that the rotor exerts on the fluid after
wind-turbine yaw.
(2) The probability distribution of the horizontal flow an-
gle is consistent with Gaussian distribution, whereas that of
the vertical flow angle presents a bimodal distribution at the
middle measuring point. However, between −90° and −50°,
the probability distribution of the flow angle of the right
measuring point is higher than that of the left measuring
point. This result shows that flow at the right measuring point
is more turbulent than that at the left measuring point.
(3) The power spectra and TKE of velocity fluctuation at
the middle and right measuring points follow similar trends.
The power spectra of vertical velocity fluctuation have a
slope of −1, and those of lateral and axial velocity fluctua-
tions have slopes of −1 and −5/3. However, the inertial
subrange of axial velocity fluctuation at the left, middle, and
right measuring positions occur at different positions, i.e., 4,
7, and 7 Hz, respectively. The TKE of the right measuring
point is higher than that of the left measuring point. Never-
theless, the correlation between the right measuring point
and the middle measuring point is stronger than that between
other measuring points. Collectively, the experimental re-
sults and numerical simulations show that the middle and
right measuring points are mainly affected by the central
vortex. Furthermore, the wake is deflected to the right under
the action of lateral force, thus resulting in wake asymmetry.
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